wo 2020/010187 A1 |0 0000 KO0 0 0 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
09 January 2020 (09.01.2020)

‘O 00 00 D00 0
(10) International Publication Number

WO 2020/010187 Al

WIPO I PCT

(51) International Patent Classification:
A61B 5/0488 (2006.01) A61B 5/11 (2006.01)

(21) International Application Number:
PCT/US2019/040478

(22) International Filing Date:
03 July 2019 (03.07.2019)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

62/694,099 05 July 2018 (05.07.2018) UsS

(71) Applicant: THE BOARD OF TRUSTEES OF THE LE-
LAND STANFORD JUNIOR UNIVERSITY [US/US];
Office of the General Counsel, P.O. Box 20386, Stanford,
CA 94305-2038 (US).

(72) Inventors: UHLRICH, Scott, David; 63 Abrams Court,
Stanford, CA 94305 (US). DELP, Scott, L.; 634 Alvarado
Row, Stanford, CA 4305 (US).

(74) Agent: JACOBS, Ron ctal.; 438 Cambridge Avenue, Suite
225, Palo Alto, CA 94306 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

(54) Title: REAL-TIME ELECTROMYOGRAPHY FEEDBACK TO CHANGE MUSCLE ACTIVITY DURING COMPLEX

MOVEMENTS

stance phase  swing phase stance phase
Process Feedback
EMGs Data-Point

FIG. 1

(57) Abstract: A training method is provided to train changing muscle contribution in a human subject while the human subject is
performing a complex movement. Feedback is provided in a simple understandable fashion by one or more data points calculated based
on electromyography signals obtained over e.g. a stance phase of a walking cycle. The training method showed a significantly increased
training effect in subjects performing these complex movements where these subjects were able to change the muscle activation given
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could be useful for retraining purposes as well as intervention methods for musculoskeletal pathologies or movement disorders.
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REAL-TIME ELECTROMYOGRAPHY FEEDBACK TO
CHANGE MUSCLE ACTIVITY DURING COMPLEX

MOVEMENTS

FIELD OF THE INVENTION

This invention relates to real-time electromyography feedback to change muscle

activity in humans during complex movements.

BACKGROUND OF THE INVENTION

The human musculoskeletal system has dozens of joints that are over-actuated
by redundant musculature; i.e. multiple muscles actuate the same degree of
freedom. Muscle redundancy provides the central nervous system with many
possible coordination strategies to accomplish the same task. The central
nervous system coordinates the activity of these muscles to achieve some
objective such as walking in a way that minimizes energy expenditure.
However, a particular coordination strategy for a task like walking may no

longer be optimal as a result of injury, surgery, disease, or medical condition.

In the example of a walking cycle, knee joint forces could be too high as a result
of increased gastrocnemius activity relative to soleus activity. In a training or

rehabilitation protocol it might be desired to reduce the gastrocnemius activity
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relative to soleus activity and potentially increase soleus activity. As such, knee
joint forces could then be lowered during the walking by reducing
gastrocnemius activation and increasing soleus activation to produce the

required plantarflexion moment.

Generally speaking, training to change the relative activation of
redundant/synergistic muscles or antagonistic muscles could result in
symptomatic improvements for these individuals. Changing which calf muscle
is used during walking can reduce the forces in the knee joint by up to 50%.

This reduction in joint force could improve their symptoms.

This invention advances the art with biofeedback technology with which
humans are able to change muscle activity in real-time during complex

movements such as walking.

SUMMARY OF THE INVENTION

A training method is provided for changing relative muscle contribution in a
human subject while the human subject is performing a complex movement. A
complex movement is defined as a movement that distinguishes a stance phase

where a leg is in contact with a surface followed by a swing phase where the
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leg is swinging through air and is not in contact with the surface. The leg cycles
through a sequence of stance phases and swing phases during the complex
movement. Examples of complex movements in the spirit of this invention are
walking, running, navigating stairs (ascending/descending), or other
movements in the spirit of the invention such as hopping, cutting, jumping
where there is a repetitive component of the leg or arm executing these
movements. Further in the same spirit of the invention, complex movements
could also be defined as ambulatory movements. Key is that the

movements/motions of this invention are not static exercises.

In a first embodiment of the training method, a human subject performs a
complex movement (FIG. 1). Electromyography (EMG) is recorded from a first
muscle and a second muscle over a first stance phase, which are then both
processed. In one example, the recorded EMGs are processed by applying a
bandpass filter, rectifying the EMG signals, and then lowpass filtering the
EMGs to create linear envelopes for the first muscle and the second muscle
(FIG. 2). Thelinear envelops could also be normalized to an electromyography
standard, e.g. a sub-maximal activity or maximum-effort activity. In one
example, EMG obtained while jumping as high as possible could serve for

normalization.

A data point is calculated for the first stance phase. This data point represents

a relative muscle contribution of the first muscle and the second muscle over
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the first stance phase. In one example the data point could be the activation
ratio between the first and second muscle. In another example, the data point
could be the average of the processed EMG of either the first or the second
muscle. In any case, the data point is calculated using the recorded and
processed electromyography of both the first muscle and the second muscle
over the first stance phase. Other examples in the spirit of the invention for data
points to be calculated are the mean of the linear envelope, the root-mean-square
(RMS) of the linear envelope, or the peak/maximum of the linear envelope.
Further in the spirit of the invention the electromyography could be fed into a
model of nonlinear muscle dynamics to estimate muscle force or even a
musculoskeletal model. Date points of the estimated muscle could then be used
as feedback. Estimated muscle force could also be translated into an estimated
contribution of a given muscle’s force on a parameter of interest such as joint

contact loading.

The calculating step occurs during the first swing phase immediately after the
completion of the first stance phase and prior to the start of a subsequent stance
phase immediately following the first swing phase. The subsequent stance
phase could be the one immediately following stance phase for the same leg, or

the one at a later stance phase during the movement cycle.

The training method then provides feedback of the data point to the human

subject performing the complex movement during the first swing phase and
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prior to the start of the subsequent stance phase immediately following the first
swing phase. In one example, just a single data point is fed back to the human
subject. In another example, two data points could be fed back to the human
subject. In yet another example, the feedback could be defined as step-by-step
feedback, but it could also be feedback that is averaged after a two or more

steps.

The feedback is intended for the human subject to change the relative muscle
contribution of the first muscle and the second muscle in the subsequent stance
phase. The feedback of the data point can be given in the form of a visual,
auditory, or tactile cue. In any case, the feedback has to be informative to the
human subject whether to increase or decrease the first muscle activation
relative to the second muscle activation, or vice versa, during the subsequent

stance phase.

In the training method, the human subject is given a goal to change the data
point(s) by changing the first muscle activation relative to the second muscle
activation, or vice versa. In one example, the human subject is not given a goal
to change kinematics of the complex movement. In another example, the human
subject is given a goal to maintain kinematics of the complex movement. In yet
another example, it is conceivable that a change in kinematics may also be

beneficial.
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The recording, processing and feedback is accomplished by a computer
processor capable of receiving the electromyography from the first and second
muscle, capable of processing the received electromyography from the first and
second muscle, capable of calculating the data point(s) based on the processed
electromyography from the first and second muscle, and capable of providing
the feedback to the human subject. One can envision mobile solutions and

implementations of the processing steps and feedback.

In a second embodiment of the training method, similar to the spirit of the first
embodiment and as alluded to infra, the training method could focus on
recording electromyography of a single muscle and the data point is calculated

for that single muscle.

The technology developed herein is the use of real-time feedback (rather than
off-line analysis) on muscles to train a person to use alternate/redundant
muscles based on just a single data point reflecting an entire stance phase.

Embodiments have the following advantages over existing approaches:

Understandable feedback: In this invention EMG is processed and presents
one or two data points of understandable feedback at an actionable frequency
(e.g. the sum of the ratio of processed muscle activations during a critical part

of the gait cycle was presented one time per walking cycle). Prior work
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displayed the continuous signal of EMG signals from multiple muscles
simultaneously, asking patients to change the ratio between these signals. The
inventors of this application found such a method to be very challenging to
interpret during complex motor tasks such as walking.

Activation Ratio Change without Kinematic Instructions: Prior work has
achieved changes in activation patterns by suggesting kinematic changes. One
example of prior work suggests performing an exercise tasks using different hip
and knee angles. In many cases like altering joint loading, it is preferable to
simply alter the muscle activation patterns without changing the movement
dynamics. The feedback provided as proposed in this invention was simple
enough that participants have been able to change their activations without
dramatic changes in kinematics.

Rate of motor learning: The nature of our feedback facilitates remarkably fast
motor learning. This was perhaps the most surprising finding. Prior works by
other reported for example a 24% change in activation ratio for the biofeedback
group compared to control after 8 weeks of 30 minutes of daily training. The
training method provided in this application observed a 24% change in
activation ratio during walking after 5 minutes of biofeedback. Furthermore, the
inventors of this invention have also demonstrated that participants were able
to retain what was taught, based on the training method provided herein, after
the feedback was removed. In one experiment, subjects were only given three

5-minute feedback trials before assessing retention on the same day. Such
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retention suggests that the motor pattern became recognizable and controllable

without the presence of feedback after only a short epoch of training.

Carry-over of training effect: The training method of the invention provides
understandable feedback combined with the increased rate of motor learning.
Prior work gave feedback of several continuous signals during controlled
(simple and/or static) movements in the hope it would translate into more
complex activities of daily living where the activations are actually important
like walking and stair navigation. The feedback proposed in this invention is
understandable enough that it can be given and acted upon in the midst of the
actual dynamic activities that we care about such as walking, running, cutting,

jumping.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a training method according to an exemplary embodiment
of the invention.

FIG. 2 shows EMG processing according to an exemplary embodiment of
the invention.

FIGs. 3A-B show according to an exemplary embodiment of the invention
representative real-time feedback from the second and third
feedback (FB) trials (FIG. 3A). Percent changes in activation ratio

and stance-phase-averaged muscle activity from baseline (FIG.
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3B). (p<0.05: # different than O, * different than first feedback

trial)

DETAILED DESCRIPTION

The example provided herein pertain to walking which is based on a study to
understand the feasibility whether humans have the ability of conscious control
over individual muscles in real-time during complex movements such as
walking to be able to make these changes that could improve their mobility. As
a skilled artisan would readily understand, this example can be extended to other

complex movements.

Methods

Medial gastrocnemius and soleus electromyograms were recorded from 5
healthy adults walking on a treadmill. The gastrocnemius-to-soleus activation
ratio was computed after each step by dividing the gastrocnemius by soleus
stance-phase-averaged electromyogram linear envelope. Subjects performed a
I-minute baseline trial followed by three 6-minute feedback trials. In the first
feedback trial, subjects were asked to reduce their activation ratio which was
displayed as a real-time bar plot. During the second and third feedback trials,
the bars were colored according to gastrocnemius activation (FIG. 3A),

encouraging subjects to reduce their activation ratio by decreasing
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gastrocnemius activity. For the first four minutes of each feedback trial, subjects
were instructed to explore different strategies to change their activation without
changing their kinematics. They were then asked to walk consistently with their
best strategy during the final 2 minutes of each trial. Following the 3 feedback
trials, subjects performed a 6-minute retention trial without feedback. The final

30 steps of each trial were analyzed and compared with t-tests (6¢=0.05).

Results

Compared to baseline, the gastrocnemius-to-soleus activation ratio decreased
during all trials by 24-27% (p<0.05). During the first feedback trial, when only
activation ratio was displayed, subjects reduced their activation ratio (p=0.005)
compared to baseline by increasing soleus activity (p=0.004). During the third
feedback trial, when activation ratio and gastrocnemius activation were
displayed, subjects decreased gastrocnemius (p=0.033) activity compared to the
first feedback trial, but showed no further reduction in activation ratio (p=0.882,

FIG. 3B).

Based on these results, human subjects were able to voluntarily modulate
redundant muscle activation during walking with real-time visual feedback.
Improved coordination strategies emerged when subjects were shown

gastrocnemius activation and activation ratio, compared to activation ratio

10
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alone. Coordination retraining, as we have performed here, could become a

promising intervention for musculoskeletal pathologies.

Applications of embodiments of the invention could be relative muscle
activation feedback for movement disorders. Clinical benefits of the present
invention are:

e Osteoarthritis: The field has sought to reduce joint loading with bracing
and by drastically changing the way that people move their limbs while
walking. Patients are often non-compliant with these interventions due
to the stigma of walking awkwardly or wearing a cumbersome brace.
After learning a modified muscle coordination strategy from our device,
individuals can walk without any visible changes, but be achieving a
similar joint load reduction. Additionally, our device could be coupled
with the standard of care to achieve additional reduction in joint loading.

o Patellofemoral Pain and Stroke: The standard of care is clinic-based
therapy which works on strengthening, active range of motion, and
performing functional movements. These protocols are often ineffective
at altering the underlying muscle coordination deficiencies. By directly
measuring and giving feedback on the relative activity of involved
muscles, patients may be able to alter their coordination strategies, thus

improving mobility and symptoms.

11
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CLAIMS

What is claimed is:

1. A training method of changing relative muscle contribution in a human
subject while the human subject is performing a complex movement,
5 comprising:

(a) ahuman subject performing a complex movement,
wherein the complex movement distinguishes a stance phase where
a leg is in contact with a surface followed by a swing phase where
the leg is swinging through air and is not in contact with the surface,

10 and
wherein the leg cycles through a sequence of stance phases and
swing phases during the complex movement;

(b) recording electromyography from a first muscle over a first stance
phase, and processing the recorded electromyography from the first

15 muscle;

(¢) recording electromyography from a second muscle over the first
stance phase, and processing the recorded electromyography from
the second muscle;

(d) calculating a data point for the first stance phase,

20 wherein the data point represents a relative muscle contribution of

the first muscle and the second muscle over the first stance phase,

12
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(e)

PCT/US2019/040478

wherein the data point is calculated using the recorded and processed
electromyography of both the first muscle and the second muscle
over the first stance phase, and

wherein the calculating step occurs during the first swing phase
immediately after the completion of the first stance phase and prior
to the start of a subsequent stance phase immediately following the
first swing phase; and

providing feedback of the data point to the human subject
performing the complex movement during the first swing phase and
prior to the start of the subsequent stance phase immediately
following the first swing phase,

wherein the feedback is intended for the human subject to change
the relative muscle contribution of the first muscle and the second
muscle in the subsequent stance phase,

wherein the feedback of the data point is in the form of a visual,
auditory, or tactile cue, and

wherein the feedback is informative to the human subject whether to
increase or decrease the first muscle activation relative to the second

muscle activation, or vice versa, during the subsequent stance phase.

The method as set forth in claim 1, wherein further comprising

calculating another data point for the first stance phase, and

13
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providing feedback of the other data point to the human subject
performing the complex movement during the first swing phase and
prior to the start of the subsequent stance phase immediately

following the first swing phase.

The method as set forth in claim 1, wherein the human subject is
given a goal to change the data point by changing the first muscle

activation relative to the second muscle activation, or vice versa.

The method as set forth in claim 1, wherein the human subject is not

given a goal to change kinematics of the complex movement.

The method as set forth in claim 1, wherein the human subject is

given a goal to maintain kinematics of the complex movement.

The method as set forth in claim 1, wherein the processing of the
recorded electromyography from the first and second muscle
comprises applying a bandpass filter, rectifying, lowpass filtering to
create a linear envelope for the first muscle and a linear envelope of

the second muscle.

The method as set forth in claim 1, wherein the processing of the

recorded electromyography from the first and second muscle

comprises normalizing to an electromyography standard.

14
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The method as set forth in claim 1, wherein the recording, processing
and feedback is accomplished by a computer processor capable of
receiving the electromyography from the first and second muscle,
capable of processing the received electromyography from the first
and second muscle, capable of calculating the data point based on
the processed electromyography from the first and second muscle,

and capable of providing the feedback to the human subject.

9. A training method of changing a muscle contribution in a human subject

while the human subject is performing a complex movement, comprising:

(a)

(b)

(©)

a human subject performing a complex movement,

wherein the complex movement distinguishes a stance phase where
a leg is in contact with a surface followed by a swing phase where
the leg is swinging through air and is not in contact with the surface,
and

wherein the leg cycles through a sequence of stance phases and
swing phases during the complex movement;

recording electromyography from a muscle over a first stance phase,
and processing the recorded electromyography from the muscle;
calculating a data point for the first stance phase,

wherein the data point represents a muscle contribution of the

muscle over the first stance phase,

15
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(d)

10.
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wherein the data point is calculated using the recorded and processed
electromyography of the muscle over the first stance phase, and
wherein the calculating step occurs during the first swing phase
immediately after the completion of the first stance phase and prior
to the start of a subsequent stance phase immediately following the
first swing phase; and

providing feedback of the data point to the human subject
performing the complex movement during the first swing phase and
prior to the start of the subsequent stance phase immediately
following the first swing phase,

wherein the feedback is intended for the human subject to change
the muscle contribution of the muscle in the subsequent stance
phase,

wherein the feedback of the data point is in the form of a visual,
auditory, or tactile cue, and

wherein the feedback is informative to the human subject whether to
increase or decrease the muscle activation relative to a target during

the subsequent stance phase.

The method as set forth in claim 9, wherein further comprising
calculating another data point for the first stance phase, and

providing feedback of the other data point to the human subject

16
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performing the complex movement during the first swing phase and
prior to the start of the subsequent stance phase immediately

following the first swing phase.

The method as set forth in claim 9, wherein the human subject is
given a goal to change the data point by changing the muscle

activation.

The method as set forth in claim 9, wherein the human subject is not

given a goal to change kinematics of the complex movement.

The method as set forth in claim 9, wherein the human subject is

given a goal to maintain kinematics of the complex movement.

The method as set forth in claim 9, wherein the processing of the
recorded electromyography comprises applying a bandpass filter,
rectifying, lowpass filtering to create a linear envelope for the

muscle.

The method as set forth in claim 9, wherein the processing of the
recorded electromyography comprises normalizing to an
electromyography standard.

The method as set forth in claim 9, wherein the recording, processing
and feedback is accomplished by a computer processor capable of

receiving the electromyography, capable of processing the received

17
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electromyography, capable of calculating the data point based on the
processed electromyography, and capable of providing the feedback

to the human subject.

18
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